The FOLFOXIRI regimen produces a high rate of radiological and histopathological responses. Bevacizumab added to chemotherapy showed an improvement in pathological response and necrosis of colorectal liver metastases (CLMs). FOLFOXIRI plus bevacizumab produced promising early clinical results and is under investigation in several randomised trials, although no data are currently available on its effects on response of CLMs and on liver toxicities.
Despite major advances in medical treatment of metastatic colorectal cancer (mCRC), radical surgical resection is the only treatment that gives a chance of cure. In most cases, metastatic lesions are unresectable at diagnosis (Wood et al, 1976; Wagner et al, 1984) , but given the strong correlation between response rate and secondary resection rate of metastases (Folprecht et al, 2005) , first-line chemotherapy with a combination of the most active drugs can be used in selected patients with initially unresectable disease in order to make surgery possible (Adam et al, 2004; Alberts et al, 2005; Poston et al, 2006) . The addition of irinotecan or oxaliplatin to 5-fluorouracil improved the activity of the fluoropyrimidine alone (Douillard et al, 2000; de Gramont et al, 2000; Saltz et al, 2000) . The intensive threedrug combination FOLFOXIRI compared with the FOLFIRI regimen in a first-line phase III clinical trial conducted by the Gruppo Oncologico Nord-Ovest (GONO) demonstrated an improvement in response rate (RR), 60% vs 34%, and in R0 secondary resections, 15% vs 6%, as well as a benefit in terms of progression-free survival (PFS) and overall survival (OS) (Falcone et al, 2007) .
In the past few years, the addition of a monoclonal antibody (such as the anti-EGFRs, cetuximab and panitumumab or the anti-VEGF bevacizumab) to fluoropyrimidine-based doublets has become the standard of care for the vast majority of mCRC patients. The addition of bevacizumab to a first-line chemotherapy doublet demonstrated a marked improvement in PFS (Hurwitz et al, 2004; Saltz et al, 2008) but the effect in terms of RR seems to be weak (OR ¼ 1.16, 95% CI ¼ 0.97-1.38) , leading to hypothesise that the antiangiogenic antibody might have a cytostatic more than a cytotoxic effect and consequently a marginal role as shrinking agent. Nevertheless, in a phase II study, the association of bevacizumab with an intensive treatment such as the FOLFOXIRI regimen was demonstrated to be safe and well tolerated, producing a RR of 77% and a disease control rate of 100%, with 32% of patients achieving a surgical resection of metastases and a 26% rate of R0 resection (Masi et al, 2010) .
The role of bevacizumab and its pros and cons in the preoperative treatment (neoadjuvant or conversion) of CRC metastatic to the liver are still controversial issues. Recent studies correlated the histopathological response to chemotherapy with clinical outcome of patients undergoing secondary resection of liver metastases (Rubbia-Brandt et al, 2007; Blazer et al, 2008) , and bevacizumab seems to improve the pathologic response of colorectal liver metastases (CLMs), both in terms of viable tumour cells (Ribero et al, 2007; Kishi et al, 2010) and of histopathological regression grade (Klinger et al, 2010) . Bevacizumab also seems to increase the degree of necrosis in the CLMs of patients undergoing secondary resection (Wicherts et al, 2011) ; however, the correlation between tumour necrosis and clinical outcome is still unclear.
The histopathological examination in terms of chemotherapyinduced liver toxicities represents a controversial issue in patients treated with an intensive chemotherapy regimen in association with a biologic agent. Every single cytotoxic agent is related to a specific liver toxicity (Rubbia-Brandt et al, 2004; Fernandez et al, 2005; Aloia et al, 2006; Vauthey et al, 2006) and the use of bevacizumab has raised the issue of perioperative complications because of its mechanism of action, mainly the risk of bleeding, wound healing and liver regeneration (Gruenberger et al, 2008) .
In the present study we analysed hepatic tissue samples from resected patients receiving FOLFOXIRI with or without bevacizumab to investigate the role of anti-VEGF in association with an intensive first-line regimen on response of CLMs, in terms of complete pathological response, tumour regression grade, tumour necrosis and fibrosis and on treatment-related hepatic toxicities. We also included in our analyses a chemotherapy-naive cohort of patients as control group.
MATERIALS AND METHODS
Selection criteria and treatments. We retrospectively reviewed archival liver specimens from 499 patients enrolled in multicentric first-line phase II or III clinical studies (Masi et al, 2004; Falcone et al, 2007; Vasile et al, 2009; Masi et al, 2010) investigating
On the basis of tissue availability, 42 patients with CRC who underwent secondary resection of liver metastases were included in this analysis.
Patients (N ¼ 24) who received a first-line treatment with FOLFOXIRI plus bevacizumab were matched together in the 'bevacizumab group'.
Patients (N ¼ 18) who received a first-line treatment with FOLFOXIRI (N ¼ 13) or XELOXIRI (N ¼ 5) were gathered up in a second group, named as 'chemotherapy group'. All the patients included in the above-mentioned trials were required to have unresectable and measurable metastatic disease, an ECOG PS p2 if o70 years of age or an ECOG PS ¼ 0 if aged between 70 and 75 years and adequate hepatic, renal and bone marrow function. Disease was re-assessed every 8 weeks using CT scan. A multidisciplinary team comprising medical oncologists, interventional radiologists and liver surgeons re-evaluated all potentially resectable patients every 8 weeks in order to define the best resection strategy.
For each patient the following basal characteristics were collected: age at the time of diagnosis of metastatic disease, ECOG PS, sex, primary tumour site (colon vs rectum), liver only metastases (yes vs no), time to metastases (synchronous vs metachronous), previous adjuvant chemotherapy (yes vs no) and number of conversion therapy cycles (i.e., the number of cycles administered preoperatively). All patients were evaluated for response and progression according to RECIST criteria version 1.0.
A total of 28 consecutive chemotherapy-naive patients who underwent primary liver resection and came to our centre for consultancies and follow-up visits over a 1-year period (May 2010 to May 2011) were included in the analysis as the 'control group'.
Histopathological examination. A pathologist with hepatobiliary expertise who was blinded to received treatment and outcome of patients evaluated the resected specimens. Pathologic complete response (pCR) was defined as the complete absence of tumour cells replaced by fibrosis and/or necrosis. Tumour regression grade (TRG) was analysed as previously defined by Rubbia-Brandt et al (2007) . Briefly, TRG1 corresponded to absence of tumour cells replaced by abundant fibrosis; TRG2 to rare scattered residual tumour cells and abundant fibrosis; TRG3 to a large amount of residual tumour cells with predominant fibrosis; TRG4 to tumour cells predominating over fibrosis; and TRG5 to almost exclusively tumour cells without fibrosis. The mean percentages of necrosis and fibrosis were assessed as previously reported (Aloia et al, 2006; Rubbia-Brandt et al, 2007; Wicherts et al, 2011) . For patients with multiple CLMs who showed different TRGs, necrosis and fibrosis percentage were categorised according to the morphological aspect of the worse metastasis.
Nontumoural liver tissue surrounding the metastases was reviewed to define the drug-related hepatic toxicity. The presence of sinusoidal dilation was graded according to Rubbia-Brandt scoring system (0 indicated the absence of sinusoidal dilation, 1 mild with centrilobular involvement limited to approximately one-third of the lobular surface, 2 moderate with centrilobular involvement extending in approximately two/thirds of the lobular surface, and 3 severe with complete lobular involvement) (RubbiaBrandt et al, 2004) . Steatosis and steatohepatitis were analysed and graded according to the nonalcoholic steatohepatitis (NASH) clinical research network scoring system (Kleiner et al, 2005) . Parenchymal necrosis was described as present or absent (RubbiaBrandt et al, 2004) .
Statistical analysis. The aims of our analyses were to estimate the effects in terms of histopathological response and liver toxicity of (1) the addition of bevacizumab to the FOLFOXIRI/XELOXIRI regimens ('bevacizumab group' vs 'chemotherapy group') and (2) the adoption of such intensive treatments (all treated patients vs 'control group' of chemo-naive patients). Discrete variables expressed as number and percentage were compared using Fisher's exact test or the w 2 test, when appropriate. Comparisons between means were assessed with the t-test. Statistical significance was defined as two-sided Po0.05. One-sided Po0.05 was adopted when treated patients were compared with the 'control group'. Exploratory correlation analyses of pathologic response and necrosis with outcome in terms of survival were performed by means of Kaplan-Meier curves and log-rank test.
All statistical calculations were performed using the GraphPad Prism software package, version 5.0 (GraphPad Software Inc., San Diego, CA, USA) and R software, version 2.10.0 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
The main patient characteristics were well balanced in the two groups and are described in Table 1 . We compared (1) 'bevacizumab group' with 'chemotherapy group' in order to estimate the effect of bevacizumab (Table 2 ) and (2) treated patients with 'control group' to estimate the overall effect of an intensive treatment (Table 3) , according to each variable tested.
The median number of cycles of conversion therapy in the 'bevacizumab group' and in the 'chemotherapy group' was 8 (range 4-12) and 12 (range 8-12), respectively. In the 'bevacizumab group', 15% of cycles were delayed and 20% of cycles were administered with a dose reduction. Bevacizumab was prematurely stopped because of refractory uncontrolled hypertension in 1 patient. In the 'chemotherapy group', 17% of cycles were delayed and 19% of cycles were administered with a dose reduction. Relative dose intensity of 5-FU, oxaliplatin and irinotecan did not differ between the two groups.
Pathologic complete response was detected in 16% of patients in the 'bevacizumab group' and in 11% of patients in the 'chemotherapy group' (P ¼ 0.685). Patients showing a histopathological response (TRG 1, 2 or 3) were 63% in the 'bevacizumab group' and 28% in the 'chemotherapy group' (P ¼ 0.033). In particular, 16%, 17% and 30% achieved respectively a TRG 1, 2 or 3 in the 'bevacizumab group'. The same percentage was 11%, 6% and 11% in the 'chemotherapy group' (P ¼ NS). Patients showing no response (TRG 4 or 5) were 37% and 72% in the two groups, respectively. The odds ratio for achieving a pathologic response (TRG 1, 2 or 3) in the 'bevacizumab group' was 1.833 (95% CI ¼ 1.045-3.217) in comparison with the 'chemotherapy group'. In the 'control group' only one patient (3.5%) showed a TRG o4 (TRG 3), and all other patients showed TRG 4 or 5.
Mean percentage of tumoural fibrosis was 22% in the 'bevacizumab group', 30% in the 'chemotherapy group' and 6% in the 'control group' ('bevacizumab-group' vs chemotherapygroup P ¼ 0.25; treated vs controls Po0.0001; Figure 1 ). Patients with a fibrosis rate X40% were 30%, 37.5% and 3.5% in the three groups respectively ('bevacizumab group' vs 'chemotherapy group' P ¼ 0.74; treated vs controls P ¼ 0.002).
Mean percentage of tumoural necrosis was 42% in the 'bevacizumab group', 20% in the 'chemotherapy group' and 19% in the 'control group' ('bevacizumab group' vs 'chemotherapy group' P ¼ 0.003; treated vs controls P ¼ 0.012). Adopting an exploratory cutoff of 50%, patients with a necrosis rate X50% were 52%, 12.5% and 3.5% in the three groups respectively ('bevacizumab-group' vs 'chemotherapy-group' P ¼ 0.017; treated vs controls Po0.001; Figure 2 ). In the 'bevacizumab group' the odds ratio for necrosis X50 was 1.948 (95% CI ¼ 1.192-3.184) in comparison with patients treated with chemotherapy only.
Chemotherapy-induced liver toxicity. Sinusoidal dilation of any grade was detected in 78% samples in the 'bevacizumab group' (43% grade 1 and 35% grade 2), in 67% samples in the 'chemotherapy group' (39% grade 1 and 28% grade 2; P ¼ 0.488) and in 48% samples in the 'control group' (only grade 1; treated vs controls P ¼ 0.045). None of the samples showed grade 3 sinusoidal dilation. Parenchymal steatosis was 45% in 30% specimens in the 'bevacizumab group', 39% in the 'chemotherapy group' (P ¼ 0.74) and 17% in the 'control group' (treated vs controls P ¼ 0.107). Steatohepatitis was evident in 13% specimens in the 'bevacizumab-group', 6% in the 'chemotherapy group' (P ¼ 0.62) and 4% in the 'control group' (treated vs control patients P ¼ 0.404). In the 'bevacizumab group', 9% of the samples showed parenchymal necrosis compared with 33% in the 'chemotherapy group' (P ¼ 0.1). None of the control patients showed parenchymal necrosis (treated vs controls P ¼ 0.025).
Exploratory outcome analyses. In the population of treated patients (N ¼ 42), subjects with a pathologic response (TRG 1, 2 or 3) showed an advantage in terms of PFS in comparison with Figure 3 ). According to the three-tier categorisation (TRG 1, 2 vs 3 vs 4, 5), in the 'bevacizumab group' a trend towards a significantly different PFS outcome is reported (w 2 ¼ 5.19, P ¼ 0.07), whereas in the 'chemotherapy group' such an effect is not evident (w 2 ¼ 1.86, P ¼ 0.40). In the population of treated patients, for each increment of 10 units in the percentage of necrosis there was a reduction of HR for PFS (HR ¼ 0.83, 95% CI ¼ 0.70-0.99; P ¼ 0.040). Overall, patients with liver lesions replaced by a necrosis rate X50% showed an advantage in PFS in comparison with patients with a necrosis rate The overall survival data were still immature at the time of the analysis.
DISCUSSION
An intensive chemotherapeutic approach with FOLFOXIRI combined to bevacizumab is a promising option for patients with unresectable mCRC. Encouraging results from a large phase II study were published 2 years ago (Masi et al, 2010) and new data will be available soon from a completed phase III randomised trial that tested the triplet plus the antiangiogenic as an experimental arm (http://clinicaltrials.gov/ct2/show/NCT00719797?term= tribe&rank=5). The need for the highest activity coupled with major chances of disease control make such an intensive approach especially suitable for the conversion setting of potentially resectable CRC metastatic to the liver.
Here we report for the first time an analysis looking at the effects of FOLFOXIRI plus bevacizumab on CLM in terms of pathologic response and liver toxicity. Major findings of the present work were the following:
(1) an intensive approach (with or without bevacizumab) produced high pathologic response rates, mainly through the induction of fibrosis; (2) the addition of bevacizumab to FOLFOXIRI improved pathologic response of CLMs;
(3) the addition of bevacizumab to FOLFOXIRI increased the degree of necrosis in CLMs; (4) confirmatory evidences regarding the correlation of pathologic responses and necrosis with the outcome; (5) a four-drug regimen does not lead to an increase in liver toxicity.
We previously reported a high degree of pCR in CLMs treated with the FOLFOXIRI regimen . In the present study we observed a cumulative 14% pCR rate in patients treated with FOLFOXIRI plus or minus bevacizumab. These results compares favourably with data from the literature that usually range from 3% to 10-11% in most recent and large series of doublets with or without antiangiogenic (Ribero et al, 2007; Rubbia-Brandt et al, 2007; Kishi et al, 2010; Klinger et al, 2010) . As already described (Rubbia-Brandt et al, 2007) , pathologic response is achieved through the induction of fibrosis. This was also evident in our study (25% vs 6% for treated vs controls, Po0.0001; Figure 1A) .
In our analysis, the addition of bevacizumab to the FOLFOXIRI regimen led to a general improvement in pathologic response of CLMs. This was not significant in terms of pCR (11% for chemotherapy only vs 16% for the 'bevacizumab group'), but was more evident in terms of TRG. Actually, adding bevacizumab to FOLFOXIRI increases the chances of achieving a TRG of 1, 2 or 3 with an odds ratio of 1.833. These data are consistent with previous findings obtained in series of patients treated preoperatively with oxaliplatin-based doublets plus or minus bevacizumab (Ribero et al, 2007; Klinger et al, 2010) . In particular, Ribero et al (2007) studied 105 patients treated preoperatively with chemotherapy alone (N ¼ 43) or with bevacizumab (N ¼ 62) and reported a reduced percentage of residual viable tumour cells (45.3% vs 32.9% for patients receiving the anti-VEGF; P ¼ 0.02). Klinger et al (2010) analysed 106 patients who received a preoperative treatment with fluoropyrimidines and oxaliplatin plus or minus bevacizumab and showed a 38% rate of TRG 1 or 2 in CLMs treated with the antiangiogenic compared with 10% for those receiving chemotherapy only (P ¼ 0.001).
Moreover, our data confirm the role of bevacizumab in inducing necrosis of CLM. These results are in line with preclinical and clinical data. It was shown how tumoural cells became necrotic as a consequence of an antivascular therapy due to tissue degeneration mediated by oxygen privation, whereas untreated tumours were protected from necrotic degeneration by a significant blood supply (Magnon et al, 2007) . From a clinical perspective, in a recent study conducted on 164 patients who had resection of CLMs following preoperative chemotherapy with or without bevacizumab, the mean degree of tumour necrosis was significantly higher in the bevacizumab group (55% vs 32%; P ¼ 0.001) (Wicherts et al, 2011) . Similar findings came from the study cited above from Klinger et al (2010) , in which treatment with bevacizumab was associated with a higher percentage of necrotic areas within the tumour.
Recently, Poultsides et al (2012) published a large retrospective analysis on 366 patients (68% treated preoperatively and 32% not) who underwent CLM resection. In that study there was no increase in the degree of necrosis. Nevertheless, it should be noted that only 69 out of 249 (28%) patients had received bevacizumab as part of the preoperative treatment, and the results in terms of necrosis for that subgroup were not reported. In ours and other previous experiences (Klinger et al, 2010; Wicherts et al, 2011) , the increase in necrosis seems to be a bevacizumab-related effect, as shown in Figure 1B .
Furthermore, we also found an association between clinical outcome and both pathologic response and necrosis rate. The Chemotherapy group (N =18) Bevacizumab group (N =24) relation between clinical outcome and TRG is a wellestablished point; in fact, some authors suggested that the degree of pathologic response might represent a new outcome end point for prognosis after resection of CLMs (Blazer et al, 2008; Gruenberger et al, 2012) . The association of necrosis rate and clinical outcome is based on weaker suggestions at least in mCRC. In untreated colorectal cancer specimen, tumour necrosis has been proposed as an independent prognostic marker (Pollheimer et al, 2010) , given its ability of influencing the host inflammatory responses.
Taken together, all the above-reported observations of reduced viable cells, fibrosis and necrosis explain from a pathological perspective the typical pattern of CLMs detected using CT scan in patients receiving chemotherapy and bevacizumab: before treatment the lesions show different modalities of enhancement, a heterogeneous degree of attenuation, and ill-defined borders that translate into hypoattenuating and homogeneous metastases with well-defined borders after treatment (Chun et al, 2009) . Such histological and morphological characteristics strengthen the hypothesis that RECIST criteria are not adequate enough to evaluate response in patients receiving bevacizumab (Chun et al, 2009; Gruenberger et al, 2012) .
In terms of hepatic toxicity, patients treated with the FOLFOXIRI regimen with or without bevacizumab showed an acceptable degree of liver injury, comparable to those reported in other series of patients treated with doublets of cytotoxic drugs (Rubbia-Brandt et al, 2004; Vauthey et al, 2006; Pawlik et al, 2007) . We observed only a slight increase in parenchymal necrosis and in sinusoidal dilation for all treated patients compared with controls. The addition of bevacizumab to FOLFOXIRI did not increase any of the toxicity parameters analysed. We should admit that the present work cannot rule out small differences in the incidence of uncommon toxicities given its relatively low power. Small numbers may also explain the lack of evidence of a protective effect of bevacizumab against sinusoidal dilation, as previously reported (Ribero et al, 2007) . It should be noted that patients treated with bevacizumab received a relatively inferior number of preoperative cycles and this may be partially explained as a bias caused by the different time frames in which the studies (with or without bevacizumab) were conducted. In recent years, the oncologist community progressively shifted to the adoption of a more limited number of conversion cycles for initially unresectable patients and this attitude influenced our centres as well. This was mainly because of the observation that extended preoperative treatment does not influence the activity, although it seems to increase the rate of postoperative complications (Wicherts et al, 2011) . In the present study, response was assessed every 4 cycles and the median number of administered cycles in the bevacizumab group was 8. Only 20% of patients further improved their response between cycle 4 and cycle 8. On the other hand, these considerations strengthen the data on pathologic response in the present study, given that such results were achieved despite the lower median number of preoperative cycles administered in the 'bevacizumab group'.
The present work is limited by its retrospective and exploratory nature. Secondly, the role of bevacizumab was evaluated in two cohorts of nonrandomised patients. Moreover, because of the small sample size, we did not perform an interaction test that would have been useful to estimate the effect of bevacizumab on pathologic response and necrosis. Finally, a minor limitation is the lack of OS data because of the long postprogression survival of the patients. Despite these limitations, the present findings demonstrate a high 'histopathologic activity' and no major liver toxicities for the combination of FOLFOXIRI plus bevacizumab. Currently ongoing randomised trials will definitively assess clinical usefulness and importance of such combination.
